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A FLIGHT IXVESTIGATIOW OF EXHAUST-HEAT DE-ICIBG 
By Lewis A ,  2 o d e r t  and  h l u n  B. J o n e s  
The B a t i o n a l  A d v i s o r y  Committee f o r  A e r o n a u t i c s  h a s  
c o n d u c t e d  e x h z u s t - h e a t  d e - i c i n g  t e s t s  i n  f l i g h t  t o  p r o v i d e  
d a t a  needed  i n  t h e  a p p l i c a t i o n  of t h i s  method of i c e  p r c -  
v c n t i o n .  Thc c a p a c i t y  t o  e x t r a c t  h e a t  f r o n  t h c  e x h a u s t  
g a s  f o r  d e - i c i n g  p u r p o s e s ,  t h e  q u a n t i t y  of h c a t  r e q u i r e d ,  
and  o t h s s  f a c t o r s  were cx?,ninod. The r e s u l t s  i n a i c a l e  
t h a t  2, w i n g - h e a t i n g  s y s t e n  e n p l o y i n g  ci spanwise  e x h a u s t  
t u b c  w i t h i n  t h e  l e a d i n g  edge  of t h c  wiag  v r i l l  n ake  a v a i l -  
a b l e  f o r  d e - i c i n g  p u r p o s a s  be tween  30 aad  35 p c r c e n t  of 
t h e  c x h ~ u s t - g a s  boat. Da ta  a r c  g i v e n  by which t h e  h c a t  
r e q u i r e d  f o r  i c e  p r e v e n t i o n  c a n  bo cn lcu lc . t ed .  S a n p l e  
c z l c u l n t i o i i s  have  bccn  n s d c ,  on a b a s i s  of e x i s t i n g  
e n g i n e  power  
---- r a t i o s ,  t o  show t h a t  s u f f i c i e n t  h e a t i n g  c a n  
wing a r e a  
ba o f t a i n e d .  f o r  i c e  p r o k e c t i o a  on noderi l  t r a a s p o r t  a i r -  
p l ~ i z e s ,  
P r e v i o u s  BACd i n v ~ s t i g a t i o n s  ( s e f z r e n c o s  1 and 2 )  
h s v c  i ~ i d i c a t e d  t h a t  t h e  u s e  of e x h a u s t  h c n t  o f f e r e d  a 
p r a c t i c a l  n c a n s  f o r  p r o v i d i n g  i c e  p r o t e c t i o n  t o  t h e  a i r -  
p l a n e  wing, b u t  i t  h a s  been  f o u n d  t h a t  z d d i t i o n a l  d c t a  
were  a o c e s s a r g  b e f o r e  f u l l - s c a l e  ~ ? p p l i c > t i o n  of t h i s  n c s n s  
c o u l d  b c  ~ d c r t a k r n .  T ~ s t s  have  bsen  nade t o  d e t e r m i n e  
how nuch  h e a t  c a n  be t a k e n  f r o n  t h e  ex l icus t  g a s  and how 
nuch  h c c t  i s  r c q u i r e d  f c r  i c e  p r o t c c t i o n ,  I n  a d d i t i o n ,  
o b s c r v a t i o l s  were nadc  on t h e  t e n p e r ~ , t u i ' c  - d i s t r i b u t i o n  
c h n r a c t e r i s $ i c s  of n o d c l  w i n g s ,  t h e  n s t u r c  of t h e  ncchan-  
i c s  of i c a  p r e v e n t i o n  and r c n o v a l ,  and n e t h o d s  of c o n t r o l  
i n  e x h a u s t  h o a t i n g  s y s t o n s .  C a l c u l a t i o n s  were nade  t o  , 
d e t e r ~ ~ i n c  t h e  l p g l i c a b i l i t y  of t h c  p r e s e n t  r e s u l t  t o  scv-  
e r c l  n o d e r a  t r a n s p c r t  airplanes. 
APPARATUS 
T5e t e s t s  were conducted- i n  f l i g h t  on a  n o d e l  wing 
which was n o u n t a a  between t h e  wings on an  X 3 M  Xavy b i p l a n e .  
F i g u r e  l ( a )  shows t h e  n o d e l  on t h e  a i r p l a n e  w h i l e  f i g u r e  
l ( b )  i l l u s t r : ~ t e s  the  i n t e r i o r  c o n s t r u c t i o n .  The construe- 
Lion  was s i m i l a r  t o  t h a t  u s e d  i n  a l l - m e t a l  wings  h a v i s g  
t w o  s p a r s  and  s t r e s s e d  s k i n .  End p l a t e s  were employed i n  
o r d e r  t o  p r e s e r v e ,  a s  much a s  p o s s i b l e ,  t w o - d i a e n s i o n a l  
a i r - f l o w  c h a r a c t e r i s t i c s .  
13 t h e  t e s t s  c o n d u c t e d  t o  d e t e r n i n e  how much h e a t  
c o u l d  bc e x t r a c t e d  f r o n  t h c  e x h a u s t  g a s ,  an  e x h a u s t  t u b e  
was p l a c e d  i n s i d e  t h e  v i n g  r u n n i n g  a l o n g  t h e  l e a d i n g  edge .  
( s e e  f i g .  l ( b )  . )  Fine p r i n c i p l . . e s  i n v o l v e d  i n  t h e  h e a t  ox- 
change  f o r  t h e  n o d e l  i n  t h i s  f o r n  a r e  e x p l a i n e d  w i t h  t h e  
a i d  of f i g u r e  2. I ieat  i s  t r a . n s n i t t e d  f r o a  t h e  e x l i a ~ s t  
t u b e  t o  t h c  v i n g  s k i n  by r a d i a t i o n  and c o s v e c t i o n .  Tha 
t r a a s n i s s i o n  by con .vec t fon  i s  c o n t r o l l e d  by c h a n g i n g  t h e  
c i r c u l n t i o i ~  of  a i r  t h rough  t h e  n o d e l  i n t e r i o r ,  Bea t  i s  
p i c k a d  up bz- t h e  a i r  between p o i n t s  A and B, ( S e e  f i g ,  
2.) A s  t h e  a i r  f o l l o w s  c i r c u i t o u s  g a t h  t h r o u g h  t h e  
n f t e r  p o r t i o n  of  - the  :? ins  a l a r g e  p a r t  of t h e  h e a t  i n  t h e  
e i r  i s  t r a n s n i t t e d  t o  t h c  s k i n  w h i l e  t h 3  r e n a i 2 d e r  i s  l o s t  
a t  t h e  t r a i l i n g  edge i n  t h e  c i r c u l a t e d  a i r .  
The h e a t - t r a n s n i s s i o n  and  d e - i c i n g  t e s t s  wsre  made 
w i t h  t h e  n o d e l  a d a p t e d  f o r  t h e  u s e  of h.ot a i r ,  A i r  was 
h e a t e d  by a n  e x h a u s t  h e a t e r  s e p a r a t e d  from t h e  n o d e l  a s  
shown i n  f i g u r e  3. A p h o t o g r a p h  of t h e  n c ~ d e l  whcn h o t -  
a i r  h e a t a d  i s  shown i n  f i g u r e  4. The h e a t e d  a i r  f l o w s  
a l o n g  t h e  l e a d i n g  edge of t h e  model an& t h e n c e  t h r o u g h  t h e  
a f t e r  p o r t i o n  t h e  s a n e  a s  when t h e  c x h a n s t  t u b e  w2.s u s e d ,  
The h o ' a t - t r a a s n i s s i o n  and cLc-icing t e s t s  were made w i t h  
t h e  h o t - a i r - h e a t e d  n o d e l  b a c a u s c  o f  t h e  n o r o  p r e c i s e  c e a s -  
urenei- l ts  wh ich 'wore  poss i ' u l e  t i i t h  t h i s  n e t h o d  of h e a t i n g .  
Thc o x h z u s t  g a s  S rox  two of t h e  c y l i n d e r s  f r o n  t h e  
a i r p l a n e ' s  c n ~ i n c  :,?as u s e d  a s  a s o u r c o  of h e a t  i e  a l l  of 
t h e  t e s t s ,  The r a t e s  of f l o w  of e x h a u s t  g n s  and a i r  i n -  
v o l v c d  i n  t h o  c x p e r j n c n t s  vrers x e n s y r e d  bg t h e  u s e  of 
o r i f i c e  n e t e r s ,  T e n p c r a t u r e  d i f f e r e n c e  n e a s u r e n e n t s  were 
nade  w i t h  t i i e r u o c o u p l e s ,  w h i l e  t h e  zmbie2t  a i r  t e m p e r a t u r e  
was r e a d  f r o n  n s t r u t  n e r c u r y  f h e r n o m e t e r .  The tempera-  
t u r e  c:ianges were  n e s s u r e 6  i n  t h e  e x h a u s t  gsvs and c i r c u -  
l a t s d  a i r ,  wh ich ,  k i t h  t h a  g z s  and a i r - f l o w  n e a s u r e n e n t s ,  
p e r n i t t e d  a  d e f i n i t i o n  of t h e  h e a t  exchange  i n  t h e  n o d e l .  
The n a t u r e  of t h e  h e a t  d i s t r i b u t i o n  was obsc rvod  from 
t e n p e r z t u r e  n e a s u r e ~ e n t s  a t  numcrous p o i n t s  on t h e  n o d e l  
s k i n .  The p o s i t i o n s  of t h e  s k i n  t h e r n o c o u p l e s  a r e  shown 
i n  f i g u r e s  2  and  3. 
The wing was c o u n t e d  on a s u p p o r t  t u b e  r u n n i n g  span-  
w i s e  a t  t h e  25 -pe rcen t  c h o r d  p o i n t  and  a t  t l ie  t r a i l i n g -  
ed-ge n i d p o i n t  a s  i s  shown i n  f i g u r e  l ( a ) .  The a n g l e  of 
a t t a c k  of t h e  node1  c o u l d  be changed i n  f l i g h t  5y t h e  r o -  
t a t i o n  of t h e  t i ~ r e a d e d  r o d  e x t e i ~ d i n g  upward f r o c  t h e  
l o w e r  a i r p l a n e  wing  t o  t h e  t r a i l i n g  edge of t h e  n o d e l .  
S i n c e  a l l  of t h e  t e s t s  were  clade a t  z e r o  d e g r e e s  a n g l e  of 
a t t a c k ,  t h e  a t ' t i t u d e  of t h e  n o d 0 1  was a d j u s t e d  by e q u a l -  
i z i i i g  t h e  p r e s s u r e s  of two s t a t i c  o r i f i c e s  a t  g e o c e t r i -  
c a l l y  s i n i l a r  p o s i t i o n s  on t h e  u p p e r  and l o w e r  s u r f a c e s .  
B i s u a l  r e c o r d s  of t h e  ice-prevan.Lion and  r e n o v a l  
t e s t s  were o b t a i n e d  by p h o t o g r a p h i n g  t h e  d e - i c i n g  t e s t s  
w i t h  a 35-1312 n o t i o n - p i c t a r e  c n n c r a .  The c a c e r a  a n d  n o a n t -  
i n g  a r e  shown i n  f i g u r c  5 ( a ) .  I c i n g  c o n d i t i o n s  were s i r -  
u l z t e d  by t h e  d i s c h a r g e  0-watzr f r o n  s p r a y  n o z z l e s  i n  
f r o n t  of t h e  x o d e l .  The d e s i r e d  t e n p e r a t u r e s  were ob- 
t a i n e d  by f l y i n g  a t  t h e  p r o p e r  altitude. The s p r a y  noz- 
z l e s  i n  o p e r ~ t ~ o n  a r e  shown i n  f i g u r e  5 ( b ) .  
Other  a p p a r a t u s  f o r  n a k i n g  t h e  n e a s u r e n e n l s ,  s u c h  a s  
m i l l i v o l t z e t e r ,  p r e s s u r e  r e c o r d e r s ,  h e a t i n g  c o n t r o l s ,  and 
the ruocoxpLe  s e l e c t o r  s zq i t ches ,  were l o c a t e d .  i n  t h e  ob- 
s e r v c r l s  c o c k p i t .  
A 1 1  of t h e  t e s t s  were  nade  a t  100  n i l e s  p e r  h o u r s  a i r  
s p e e d  and ,  a s  h a s  b e e n  n o t e d  above ,  a t  z e r o  d e g r e e  a n g l e  
of a t t a c k ,  Ebe h e a t  t $ a n s n i s s i o n  t s s t s  were  ~ a d e  i n  d r y  
a i r  and in n i s t y  c l c u d  f o r m a t i o n s ,  The t e s t s  i n  cloud-s 
w e r s  t a k c x  t o  be  r z p r e s c n t c t i v c  of a c t u a l  i c i n g  c o n d i t i o ~ l s ,  
e x c ~ p t  t h a t  t h e  t a n p e r a t u r c  of t h c  a i r  v n s  above 32' F, 
i n s t e a d  of below t h z t  p o f n t .  S i n c e  t h e  t s s t s  were  f o r  
p u r p o s e s  of n e a s u r i ~ l g  h e a t  t r a n s n i s s i o n  i n  which t e n p e r a -  
t u r e  d i f f e r e n c a  was a b s e r r c d ,  t h i s  i s  b e l i e v e d  t o  be a 
v a l i d  p r o c e d u r s .  So a t t e n p t  was a a d e ,  t h e r e f o r e ,  t o  con- 
d u c t  t h e s e  f l i g h t s  a t  ail7 p n r t i c u l ~ ~  a i r  t c n p e r a t u r c .  
Do- ic ing  t e s t s  were n s d e  w i t h  a i r  t e n p e r a t u r o s  be twaen  
1 ' 7 O  and  25O 3' and  w i t h  t h e  s p r a y  n o z z l e s  p r o d u c i n g  a w a t e r -  
c'lrop c o n t o r ~ t  i n  t h e  a i r  s t r c a ~  c o n p a r a b l e  t o  t h a t  i n  a 
v e r y  s e v a r s  i c i n g  c o n d i t i o n .  A d i s t i n c t i o n  was nadc  i n  
t h c  t c s t i x g  p r o c e d u r e  bc twcen  i c e  p r e v e n t i o ~  and i c c  r e -  
moval.  I c c - p r e v c a t i o a  t e s t s  were nade  t o  n e a s u r c  t h e  
h e a t i n g . r e q u i r e m e n t s  f o r  t h e  p r o h i b i t i o n  of any  i c e  on 
t h e  model wing ,  The r emova l  t e s t s  were made t o  o b s e r v e  
t h e  0 ~ 2 e r c t i o n  o f ,  and t o  measure  t h e  h e a t  r e q u i r e d  f o r ,  
t h e  removal  of i c e  formed p r i o r  t o  t u r n i n g  on t h e  h e a t .  
1,iotioii p i c t u r e s  v e r e  t a k a n  d u r i n g  i c e - p r e v e n t i o n  and 
movzl  t e s t s .  
RESULTS .AXI) DISCVSSIOIT 
C h a r a c t e r i s t i c s  of Exhaus t  Tube System 
The r e s u l t s  of t e s t s  t o  d s t e r m i n e  t h e  c a p a c i t y  t o  
rJemovo h e a t  froill t h c  exhaust gas  a r e  g i v e n  i n  t a b l e  I. 
The d a t a  i n d i c a t e  t h a t  f r o n  30 t o  3 5  p e r c e a t  of t h e  e x -  
h a u s t - g a s  h e a t  n o r m a l l y  d i s c h a r g e d  a t  t h a  e n g i n e  c a n  be 
a p p l i e d  t o  t h e  p r e v e n t i o n  of i c c  by t h e  u s o  of an e x h a u s t  
t u b e  i n  t h c  l e a d i n g  edge  of' t h e  wing. 
I t  was f u r t h e r  o b s e r v u d  t i c t  by r e d u c i n g  t h e  amount 
of a i r  c i ? c a l a t e d  w i t h i n  t h e  wi;:(-, t 3 ~  c n p a c i t g  t o  e x t r a c t  
h e a t  f r o n  t h c  ~ x h a u s t  gas was r e d u c e d  o n l y  s l i g h t l y  and  
t h a t  a  l n r g e r  p o r t i o n  o f  Ghc h c a t  was d i s s i p a t e d  f r o n  t h e  
l c c d i n g - e d g e  3 0 - p e r c e n t  p o r t i o n  of t h c  v i 2 g .  A c c o r d i n g l y ,  
t h e  t s i n p o r ~ ~ t u r e  r i s e  of t b c  l e a d i x g - e d g e  r e g i o n  was i n -  
c r e ~ s c d  and t h e  t e m p e r ~ . t u r e  r i s e  of t h e  a f t e r  p o r t i o x  was 
d e c r e a s e d  when t h e  c i r c u l a t i o n  of a i r  was d i s c o n t i n u c d .  
The t e m p e r c t u r e  xSise of t h e  a f t e r  p o r t i o n  of t h 3  wing 
when n i r  c i r c u l c t i o n  i s  s t o p p e d  i s  due l a r g e l y  t o  t h o  
t r n l s f e r  of h c n t  f r o n  t h c  1-eading edge i a  a r e a r w a r d  d i r c c -  
t i o n  t h r o u g h  t h e  boundary  a i r ,  Whilc a chordwise  d f s t r i -  
b u t i o n  02 h e a t  ncy  3 e  o b t a i n e d  By t h e  a i r  c o n v c c t i o n  o v e r  
t h e  0uts5.de 02  t h e  wing ,  t h e  h e c t  g i v s n  t o  t h e  boundary-  
l a y e r  a i r  f o r v a s d  can  bc  o n l y  p a r t i a l l y  r e c o v e r e d  by t h e  
win, s n r f ~ . c e  a f t  and t k e r e f o r e  h c a t  i s  T>jasted. T5.e n o s t  
e f f i c i e n t  u s e  of t h c  % e a t  i s  o b t a i n e d  when t h e  d i s t r i b u t i o n  
r e s x l t s  i n  a  u n i f o r i ?  t e s p e r a t u r e  r i s e  O T C T  t h e  r e g i o n  which 
i s  t o  b e  p r o t e c t c d .  Al though r e d u c i n g  t \ e  q u a n t i t y  of 
a i r  c i r c u l c t e d  t h r o u g h  t h e  wing nay  r e s u l t  i n  a  r e d u c t i o n  
of  t h e  e 2 f i c i e n c y  o f  t h a  h e a t i r g  of t h e  c n t i r c  wing s u r -  
f n c a ,  a c o u s i d e r a t i o n  of o t h e r  f a c t o r s  i n d - i c a t e s  t h a t  t h c  
c o n c e n t r a t i o n  of h e a t  a t  t h e  ].coding edge 3 a y  3 e  d e s i r a b l e ,  
Sono p r o v i s i o n  f o r  i n c r e z s i n g  t h e  q u a n t i t y  of h e a t  which 
G a i l  be d i r e c t e d  t o  t h e  l e a d i n g  edge i s  d e s i r a b l e  when ex- 
t r e r . c l y  s c v c r c  i c e  s t o r n s  a r e  encountered. The l e a d i n g  
edge  s h o r l d  a lways  be  k e p t  f r e e  f r o n  i c e  even  though ac- 
c r e t i o n s  nay f o r n  on t h e  n f t c r  p o r t i o n  S c c a u s e ,  as i s  
shown by r e f c r c n c e  3, s u r f a c e  p r o t u b e r a n c e s  o v e r  t h e  l ead -  
ing-edgz 20 i3ercent  of t h e  wing a r e  of g r e a t c r  h a r n  t o  
t h e  a e r o d g n n n i c  e f f i c i e n c y  t h a n  a r e  p r o t u b e r a n c e s  on t h e  
a f t e r  p o r t i o n .  Recent  f l i g h t  t e s t s  on a wing  which w a s  
e q u i p p e d  w i t h  an  i n f l a t a b l e  d e - i c e r  eaphrus i zod  t h e  conc lu -  
s i o a s  of r e f e r e l e e  3. 
The f l i g h t  t a s t s  showed t h a t  s i m u l a t e d  i c e  f o r m a t i o n s  
one -ha l f  i n c h  h i g h  i n  t h e  v i c i n i t y  of t h e  d e - i c e s  a t t a c h -  
ment s t r i p s ,  which a r e  a b o u t  7' p e r c e n t  back  f r o n  t h e  l e a d -  
i:lg edge ,  r e s - d t e d  i n  a p r o f i l e - d r a g  i n c r e a s e  of o v e r  350 
p e r c e n t  and a d e c r e a s e  i n  CJ, ,,, of 59 p e r c e n t .  
M e t e o r o l o g i c a l  o b s e r v a t i o n s  i n d i c n t o  t h a t  i c e  s t o r n s  
of g r e a t  s e v e r i t y  u s u a l l y  o c c u r  o n l y  o v e r  l i m i t e d  geo- 
g r a p h i c a l  a r e a  and  a l t i t u d e  range .  A d e - i c i n g  s y s t e n ,  
t h e r e f o r e ,  which c a n  c o n c e n t r a t e  h e a t .  oil t h o  l o a d i n g  edge 
o f  t h e  1;~ing a t  t h e  expense  of t h e  t r a i l i i ~ g - e d g e  r e g i o n  i s  
b e l i e v e d  t o  be  of p a r t i c u l a r  v a l u e  i n  s t o r m s  of  g r e a t  
s e v c r i t y  b e c a u s e  t h e  l 2 n d i u g  sdge  c a n  be k e p t  c o n t i n u o u s l y  
c l e a r  and t h e  i c e  v ~ h f c h  ney f o r n  n e a r  t h o  t r a i l i n g  edge 
o f  t h e  wing c ~ n  be  r enoved  a f t e r  t h e  s t o r n  c e n t e r  h a s  b e c c  
p a s s e d .  
Eea-t- T r a n s n i s  s i o n  T e s t s  
The of h e a t  f r o w  t h e  model wing i s  g i v e n  
i n  c o e f f i c i e n t  form i n  t a b l e  11. A c o n p a r i s o n  of t h e  r e -  
s u l t s  o b t a i n e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  w i t h  t h o s e  
g ivc i i  i n  r e f e r e n c e  2 i s  made p o s s i 3 l e  by  t h e  i n c l u s i o a  i n  
t h e  t c b l c  of n c a l c u l a t e d  h e a t - t r a n s f e r  c o e f f i c i e n t  b a s e d  
on t h e  w i n g  c h o r d  an& a i r - e t r e a n  v e l o c i t y  d u r i n g  t h e  p r e s -  
e n t  t e s t s ,  I t  i s  n o t s d  t h a t  t h c  d r y - a i r  c o e f f i c i e n t  0%- 
t a i a c d  i n  t h e  p r e s e a t  t e s t s  i s  a b o u t  8 2  p e r c e n t  of t h e  c a l -  
cu ls -ked  v a l u s s  f r o n  r o f e r c n c c  2. Tho f z c t  t h a t  t h e  z r e s c : ~ t  
t e s t s  were nadc  w i t h  an X A C d  3006 a i r f o i l  w h i l e  t h e  p r e v i -  
ous  work wns d0r.e o n  n Clark  P s e c t i o n  nzy  cxpla , in  t h e  d i f -  
f e r e n c e .  T1:e p r e s c n %  n s a s u r e n z n t s  a r e  ' ce l icved  t o  be  a c -  
c u r a t e  t o  w i t h i n  i 5  p e r c e n t .  
The t e s t s  nade  t o  d e t e r n i n e  t h e  h e a t  r e q u i r e d  f o r  
i c e  p r o t e c t i o n  were nade  I n  d e n s e  c l o u d s  f r o n  wh ich  a n i s t  
was P a l l i n g .  T l ~ e  f r o e - m o i s t u r e  c o n t e n t  of t h e  a i r  d u r i n g  
t i c s 2  t e s t s  wc.s b e l i e v e d  t o  have  bcen  c a p a b l e  of p roduc-  
i 3 g  a s e v e r e  i c a  s t o r n  had t h e  a i r  t e ~ ~ p e r a t u r c  b e e n  below 
f r e e z i n g .  
From r c f c r e ~ c e  2 and t h e  r c s u l t s  of 5 h c  h e n t  t r a n s -  
n i - s s i o n  t c s t s  w i t h  a wet w i l g  t h a  c o e f f i c i e n t  of h c a t  
t r n a s f c r  f r o n  an c i r f o i l  whose p r o f i l e  d r a g  i s  c o n p a r a b l c  
~ i t h  t h c t  o f  t h e  B A C l  0 0 0 6  i s  g i v e n  by t h e  e q u a t i o n  
i n  ilrh?.ch 
a h e a t  t r a n s f e r  c o e f f i c i e n t ,  3 % u / s q  f t ,  h r ,  OF 
C wing c h a r d ,  f t  
V v e l o c i t y  i n  mph 
i1 exponen t  d e p e n d i n g  on a n g l e  of  a t t a c k  
o  s u b s c r l p t  d e n c t i n g  p r e s e n t  t e s t  c o n d i t i o n s  
A t  c r u i s i n g  a i i ~ l e s  o l  a t t a c k  n i s  a p p r o x i m a t e l y  
0 .8 .  327 s u b s t i t u . t i x g  i n  t h e  above e q u a t i o n  t h e  v a l u e s  
f o r  ao ,  Y o ,  and C ,  f r o n  t h e  p r e s e n t  t e s t s ,  t h e  f o l -  
l o w i n g  e q u a t i o n  i s  w r i t t e n :  
If i t  can  be  a s s u n e d  t h a t  a u n i f o r m  t e ~ p e r a t u r e  r i s e  
h a s  b e e n  o b t a i n e d  o s e r  t h e  e x t i r e  a i r p l a n e  wing ,  t h e n  t h c  
m i n i ~ u n  h e a t  r e q u i r e d  t o  p r e v e n t  i c e  f o r l a t i o n s  i s  g i v e 1  
IS.' 
Q = a ( 3 2  -  area), ~ t u / h r  ( 3) 
i n  which T i s  t k a  ambien t  a i r  t e a p e r a t u r e  i n  '3' and t h e  
a r e a  i s  t h e  a c t u a l  v i n g  a r e a  h e a t e d . '  ( 3 0 t h  t h e  upyes  and 
l o . ~ , . e r  .sv.rfaccis mus"c be c o n s i d e r e d  s i n c e  a i s  g i v e n  i n  
t e Y n s  of s q u a r e  f e e t  of exposed  s u r f a c e . )  I f  t h e  tempera-  
t u r e  r i s e  o v e r  t h e  wing i s  n o t  u n i f o r m ,  t h e  r e q u i r e d  h c a t  
a c c o r d i n g  t o  e q u a t i o n  ( 3 )  w i l l  be  i n  e r r o r ,  t h e  e x t e n t  of 
which  w i l l  depend upon t h e  t e n p e r a t u r e  v a r i a t i o n  o v e r  t h e  
wing. 
I c e - P r e v e n t i o n  F e s t s  
The t e o p e r a t u r e  r i s e  d u r i n g  t h e  i c e - p r e v e n t i o n  t e s t s  
o v e r  t h e  n o d e l  wing s u r f a c e  v a r i e d  r a t h e r  w i d e l y  f rom 
l e z d i - i g  edge t o  t r a i l i n g  edge and  t h e r e f o r e  i t  was ex- 
p e c t e d  t h a t  t h e  h e a t  expended f o r  i c e  p r e v e n t i o n  would be  
i n  e x c e s s  of t h e  c a l c u l a t e d  h e a t  r e q u i r e d .  
Tke r e s u l t s  of t h e  i c e - p r e v e n t i o n  and removal  t e s t s  
a r e  g i v e n  i n  t a b l e  111. The r e s u l t s  from t h o  d i f f e r e n t  
i c e - p r e v e n t i o n  t e s t s  a r e  shown. I n  t h e  f i r s t ,  t h e  h e a t  
s u p p l i e d  was g r a d u a l l y  r e d u c e d  u n t i l  i c e  f o r m a t i o n s  wore 
n o t e d  and t h e a  i n c r e a s e d  s l o w l y  u c t i l  a l l  i c e  was removed. 
I n  t h e  s e c o n d ,  t h e  h e a t  was r educed  u n t i l  i c e  s t a r t e d  t o  
f o r n  b u t  d i d  n o t  s p r e a d  bagocd a  s m a l l  r c g i o n  n e a r  t h e  
t r a i l i n g  edge.  The r e s i d u a l  i c e  on t h e  wi2g d u r i n g  a 
t y p i c a l  t e s t  of t h i s  k i n d  i s  shown i n  f i g u r e  6 .  
On a b n s i s  of t h c  h e a t - t r a n s n i s s i o n  t o s t s  t h e  h z c t  
i n p u t  of 56'7 ~ t u / ( s q  f t ,  h r )  c o r r e s p o n d s  t o  an  a v e r a g e  
t e m p e r a t u r e  r i s e  of a b o u t  30° F. S i n c e  t h e  o u t s i d e  a i r  
t e m p e r a t u r e  was 240 F, a t e i z p e r a t u s e  r i s e  of  8O F was a l l  
t h a t  was r e q u i r e d .  Thus ,  v i t h o n t  u n i f o r n  t e m p e r a t u r e  r i s e ,  
t h e  q u a n t i t y  of h e a t  r e q u i r e d  would be s e v e r a l  t i m e s  a s  
g r e a t  a s  t rould be p r e d i c t e d  f r o n  e q u a t i o n  ( 3 ) .  
The r e s u l t s  o b t a i n e d  from t h e  r e n o v a l  t e s t s  i n d i c a t e  
t h e  pre- formed i c e  on t h e  l e a d i n g  edge of a wing  c a n  be 
renoved .  S e v e r a l  r e n o v a l  t e s t s  were nade  i n  o r d e r  t o  0%- 
s e r v o ,  by way of  t h e  x o t i o n - p i c t u r c  camera ,  t h e  n a n n e r  i n  
which  t h e  i c e  was e l i n i n a t e d .  I n  e a c h  i n s t a n c e  t h o  i c z  
c o v e r i n g  t h e  l e n d i n g  edgc  w a s  r enoved  i n  l e s s  t h a n  30 sec -  
onds  cild, a s  shown by t h e  r e s u l t s  i n  t a b l e  191 ,  i n  as low 
a s  1 0  s c c o a d s .  F i g u r e  ? shows t h e  t r p e  of i c e  f o r n n t i o n  
which  was removed,  and  f L g u r e  8 shows t h e  same f o r m a t i o n  a 
f ew seconi is  a f t e r  t h e  l i e a t e d  a i r  was a d m i t t e d  t o  t h e  wing. 
The b l u r r e d  r e g i o n s  on t h e  p h o t o g r a p h  a r e  p i e c e s  of i c e  
b e i n g  blown awag from t h e  wing. I c s  f o r m a t i o n s  on t h e  
a f t e r  p o r t i o n  of t h e  wing were r e a d i l y  removed when h e a t e d  
a i r  was c i r c u i a t e d ' t h r o u g h o u t  t h c  i n t e r i o r  of t h e  wing. 
When tlze exhaus  t - t u b e - h e a t e d  ~ l o d e l  bras t e s t e d  ~ r i t h o u t  i n -  
t e r n a l  a i r  c i r c u l a t i o n ,  t h e  removal  of i c c  f r o n  r e g i o n s  
n e a r  t h e  t r a i l i n g  edge was s low,  and a g r e a t e r  t o t a l  quan- 
t i t y  of h e a t  was enp loyed  t h a n  d u r i n g  o t h e r  s u c c e s s f u l  i c c -  
r emova l  t e s t s .  
A p p l i c a t i o o  of Tes t  R e s u l t s  
The d e s i g n  of i c e - p r e v e n t i o n  equipment  which makes 
u s e  of e x h a u s t  h d a t  i s  p r i n c i p a l l y  a problem of h e a t  d i s -  
t r i b u t i o n .  The i m p o r t a n t  c o n s i d e r a t i o n s  i n  t h e  problem 
a r c :  ( 1 )  ambien t - a i r - t cmpera , tu re  r a n g e  o v e r  which  p ro -  
t e c t i o n  i s  d e s i r e d ;  ( 2 )  r a t i o  of e x h a u s t  t h e r n a l  e n e r g y  
t o  t b o  s u r f a c e  a r e a  t o  be p r o t e c t e d ;  and ( 3 )  t h e  e x t e n t  
t o  which n un i fo rm t e n p e r a t u r e  r i s e  c a n  be  o b t a i n e d  o v e r  
t h e  h c n t e d  r e g i o n ,  
For any  p a r t i c u l a r  g e o g r a p h i c a l  l o c a t i o n ,  t h e  t e n p e r -  
a t u r c  railgo comraon t o  i c e  s t o r m s  i s  a f a c t o r  which c a n  be  
de f  i;.led o n l y  by s l a t i s t i c s .  While tzic i n f o r m a t i o n  r e g a r d -  
i n g  t h e  t c n p o r n t u r e s  a t  which i c e  s t o r n s  have  o c c u r r e d  on 
t h e  Xor th  A n e r i c a n  c o n t i n e n t  c e a g e r ,  on a b a s i s  of r e -  
p o r t s  on a i r - l i n e  o p s r o t i o n s  w i t h i n  t h e  U n i t e d  S t a t e s ,  
s e v e r e  i c c  s t o r n s  occn r  w i t h  t h e  g r e a t e s t  f r e q u e n c y  a t  
L c n p ~ ~ a t u r e s  above 15O F. R e p o r t s  have  been  r e c e i v e &  
C 
which  i n d i c a t e  t h n t  i n  Canada s e v e r e  i c e  s t o r n s  o c c a s i o n -  
a l l y  occur  a t  s t i l l  lo~bscr t e n p o r a t u r e s .  Inasnuch  as  t h e  
n o s t  connon i c e  s t o r n  o c c u r s  j u s t  s l i g h t l y  uode r  f r e o z i n g  
t e n y e r a t u r e  and  t h e  l a r g e s t  azlo11n.l; of w a t e r  i s  e n c o u n t e r e d  
a t  t h e  h i g h e r  t c n p o s n t u s s s ,  i t  w i l l  be a s s u n e d ,  f o r  pur -  
poses of t h i s  a n a l y s i s ,  t h r l t  t rhe  t ezporn . t . u r e  r i s e  o v e r  t h e  
p ro - t cc t cd  a r e s  n a s t  b e  n o t  i c s s  t h a n  170 F. Thi s  would ,  
a.s s u n i i ~ g  a u i i i f o r r ~  p l a i n  tel:.pernture r i s e ,  g i v e  i c e  p r o -  
t e c t i o n  a t  a i r  t e n p e ~ a t u r e s  of 150  F o r  above. An a n n l y s i s  
h a s  been  n ~ d e  on t h e  b a s i s  of t h e  c h a r a c t e r i s t i c s  of 1 2  
n o d e r n  t r x l s p o r t  a i r p l z n c s  t o  d e t e r m i n e  what t e n p e r a t u r e  
r i s e  n i g h t  r e a s o n a b l y  be e x p o c t c d  i f  30 p e r c e n t  of t h e  
a v a i l a b l e  e x h a u s t  h e a t  i s  a p p l i e d  t o  wing  h a s t i n g .  X h i l e  
s e . v c r c l  . ~ s s z u x p t i o n s  and  q n n l i f  i c a t  i o n s  n u s t  be nade  i n  
su.c.l.1 G i l  ~ ? n a l y ~ i s ,  i t  i s  b s l i e v e d  s good i n d i c a t i o n  i s  
g i v 3 n  of t h e  a p p l i c e b i l i t y  o f  t h e  e x h a u s t  h e a t i n g  s y s t e n .  
.. Th? r?ssunption:; have  been  n a d e  t h a t  t h e  3 ~ m . i l a ' b l ~  h ~ a t  
f o r  x s e  i n  t!lc w i n g - h e a t i n g  s y s t e a  i s  e q u a l  t o  t h e  e n g i n e  
p o v c r  r ~ n s i n u n  s I ) eed ,  and t h n t  t h i s  h e a t  w i l l  b e  a p p l i e s  
t o  t h e  s ~ ~ t i r e  wing a r e a .  A c t u a l l y  t h e  e x h a u s t - g a s  e n e r g y  
wc?.stcd b r  % h c  n o d e r n  e n g i n e  i s  i n  e x c e s s  of t h e  u s e f u l  
p o v ~ c r  sad, t h e r e f o r e ,  i f  t h e  heat i s  u s e d  e c o n o m i c a l l y ,  
t h e  f i r s t  assunptioini  w i l l  be  .rra.lid, The second  a s s u m p t i o n  
a l s o  a p p e a r s  t o  be v a l i d ,  s i n c e  a r e a s  i n  t h e  r e g i o n s  of 
t h e  f n s z l a g e  or e n g i n e  n a c e l l e s  mag r o t  r e q u i r e  p r o t e c t i o n  
fro17 i c e  f c r u e . t i o n s .  It nay  bc shotrn by  r c f s r z n c e  3 t h a t  
a l z r g e  p a r t  of t h a  lifting s u r f a c e  i n  t h e  t r a i l i n g - e d g e  
r e g i o n  cov:.ld b e  cove red  1:;ith i c e  and n o t  p roduce  a g r e a t  
l o s s  i n  ae rodynamic  e f f i c i e n c y  of t h e  a i r p l a n e ,  p r o v i d e d  
t h s t  t h z  l s a d i n g - c d g e  r e g i o n  i s  p r o t e c t e d .  
On the basis of these assumptions and the results of 
the present investigation, the temperature rise resulting 
from the use of an exhaust tube inside the wing leading 
edge has been calculated. An arjproxirnation of the applied 
energy per square foot is given by the equation 
I? g = - X E ,  3tu/(sqft, hr) 
2s 
in which P engine power at Vma,, ~tu/hr 
S wing area, s q f t ,  
and- E exchange eff iclency of heating system 
The t r a 2 s ~ i ~ s i ~ n  coefficient has been calculated for the 
12 trausport airplanes referred to above on a basis of the 
averagc wing chord and the naxinun velocity, using equation 
(2). Frog a knowledge of the heat applied, q, anc? the 
coefficient, a, an average ternpcrature riso A T  for the 
lifting surfaces has bcen calculated by the use of the 
equation 
The results of these calculations are shown plotted on 
figure 9, which indicates that a satisfactory tenperature 
rise c?*n be obtained. The plotted points which show the 
greatest wing surface tenperature rise, AT, refer to the 
most recent sirplcno designs, which indicates that the 
prcscnt design trend is toward a greater potential heating 
cnp,?.cit>- for the wing surface. 
A,lthough it is doubtful that the results shown in 
fin*ure s 9 can be achieved without experience, it is belicvod 
that a sntisfactory heat distribution c a n  be obtained over 
the vltnl nrens fron existing data on heat-exchanger design. 
(see refereace 4.) Experience in the design and operation 
of this type of equipnent should bring inpro~enents in the 
uniformity of heat distribution and economical refinements 
resulting fron a nore accurate knowledge of just where pro- 
tection is required. In view of the favorable results of 
NACA investigations on the application of heat, and olso of 
raports which have been recoived desr-ribing t h e  succcssful 
application of this method on ~ I ~ ~ S ~ O U S  four-engine trans- 
port airpl~~acs in Germany, it is belicved that full-scale 
application should be undertaken at an early dntc in this 
country. A full-scale application is planned by the NACA 
in cooperation with the Army Air Corps, which it is hoped 
will give added data on the application and operation of 
the heating pethod. 
COMGLUSIONS 
1. A wing with an exhaust gas tube running spanwise 
inside the leading edge has the capacity to apply from 30 
to 35 percent of the exhaust heat to the prcvention or 
renoval of ice. 
2. Heat transnission tests in nisty-cloud fornations 
indicated that the heat required for ice prevention nay 
be cnlcu-lated from tho equation 
in which q in ~ t u / s ~  ft, h r  
and C the wing chord, ft 
T ambient air temperature, OF 
Langlc~ 14~nori~l Beronnutical Laboratory, 
2Tntional AdvFsory Gonnittee for Aeronautics, 
Langlcy Field, Va. 
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Figure la.- Model heated by exjheutst tube and mounted on XBM airplme 
for fl igh% %es*,$e. 
Figure, Ib.- Mode51 ring in aons&nxo%ilala elnowling exhaust tube along in%e+ies~ 
~i b e d % =  
I I 
I I 
1 I 
Chord = I I k i n  b e d  3 f t .  I I 
I I 
I x I x 
I I 
I I 
%a? beam 1 
I 
Air out 
Tigpe 2.- Set-up of ring heated by exhaust tube, ahowing path of exhauet gee and air thrOwh 
the model and the lowstion of skln-temperature thenmoouplee, x. 
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Figure 9.- Tho ca lcula ted teinperature r i s e  f o r  12 modern 
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